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such as aluminium-aluminium and aluminium-GFRP joints. They found a shear strength enhancement of 
epoxy between CFRP and metal under dynamic loading. This paper reports an experimental investigation 
into the effect of impact tensile loads on the bond strength, effective bond length and failure modes of 
double strap joints. Dynamic results were compared with those subjected to static tension to highlight the 
influence of loading rate.  
2. Specimens details, experimental setup and test procedures  
A total of 24 steel/CFRP double strap joints adhesively bonded using epoxy and grouped into 4 series, 
were prepared and tested under static and impact tensile loads. The configurations of these specimens and 
the manufactured impact tensile apparatus that was constructed and used for dynamic tests are shown in 
Figure 1 and Figure 2. 
Figure 1: Schematic view of double strap specimen (not to scale) 
Figure 2: Fabricated impact tensile rig 
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Each joint was manufactured by bonding two mild steel plates from grade A36 steel with dimensions 
of (210mm length, 50mm width and 5mm thickness) using normal modulus CFRP sheet and Araldite 420 
adhesive. The nominal modulus of elasticity and ultimate tensile strength of CFRP sheet and Araldite 420 
adhesive are 240GPa, 3800MPa, 1.9GPa and 32MPa, respectively. Surfaces of steel plates were cleaned 
with acetone and sandblasted to remove rust, paints, oil, grease and primer along the bond length. The 
adhesive was then uniformly applied using a brush. This was followed by the application of the first ply 
with the use of a roller to saturate CFRP sheet with resin and to squeeze out the air bubbles and the 
excessive adhesive. The same procedure was used for the other CFRP layers (plies). Finally, the 
specimens were cured for at least 7 days before test according to the manufacturer’s recommendation. 
The bond length of CFRP L1 varied between 10mm and 60mm, which is shorter than L2 as shown in 
Table 1 in order to ensure that the failure occurred on the short end only. 
A Kistler piezoelectric load cell was installed above the specimen to measure applied load. A computer 
with necessary software is used for data acquisition. Load cell data readings were recorded at a sampling 
rate of 300 KHz.  Digital video camera was used to record the tests at 1900 frames/second such that 
failure modes could be examined in details. 
3. Test results 
Experimental static (2mm/min) and impact (3.35m/sec) tensile test results of double strap joints are 
summarised in Table 1. The first letter S in specimen label denotes specimen, the first numbers 10, 
20,...etc. refer to the bond length L1 that is exhibited in Figure 1 and the second number represents the 
number of CFRP layers. F1 and F2 are the ultimate static and dynamic strength for specimens with 1 layer 
CFRP, whereas F3 and F4 are those for specimens with 3 layers of CFRP, respectively.   
Table 1: Experimental results of CFRP sheet/ steel plate joints (1 & 3 plies) 
Specimen Label 
L1
[mm] 
L2
[mm] 
F1
[kN] 
F2
[kN] 
F3
[kN]
F4
[kN]
F2/F1 F4/F3 F3/F1 F4/F2
S10-1 S10-3 10 80 19.83 45.66 29.61 84.25 2.76 2.85 1.49 1.85
S20-1 S20-3 20 80 35.60 74.78 51.21 109.46 2.10 2.14 1.44 1.46
S30-1 S30-3 30 80 46.16 65.50 66.89 127.89 1.42 1.91 1.45 1.95
S40-1 S40-3 40 80 46.39 62.19 80.37 136.99 1.34 1.71 1.73 2.20
S50-1 S50-3 50 80 46.97 60.86 101.67 159.56 1.30 1.57 2.16 2.62
S60-1 S60-3 60 80 44.65 49.68 104.06 147.44 1.11 1.42 2.33 2.97
4. Effect of impact loads on bond strength 
The values of bond strength ratio F2/F1 and F4/F3 in Table 1 illustrate the effect of impact loads on the 
strength of double lap joints with different bond lengths. At impact speed of 3.35m/sec which is about 
100,000 times that of static load, the bond strength of joints is significantly increased with dynamic loads 
especially when the bond length is below the effective bond length (about 30mm for 1 layer of CFRP and 
50mm for 3 layers of CFRP). The smaller the bond length is, the greater the increase becomes. The ratio 
F4/F3 is larger than F2/F1 indicating that more increase was obtained for specimens with 3 layers of CFRP. 
H.A. AL-ZUBAIDY et al. / Procedia Engineering 14 (2011) 1312–1317 1315
The reason 
between CF
and Raykhe
from 1 to 3,
the ratio F3/
F4/F2 is gen
when the nu
5. Effect o
The joint
impact load
phenomenon
somewhat su
load is abou
observed in 
the effective
Figure 3: Ultim
6. Effect o
Six failur
(a) Steel an
Adhesive in
matrix); (e) 
for the increa
RP and steel u
re et al. (201
 there is an in
F1, whereas f
erally larger t
mber of CFR
f impact loa
 strength vari
ing. For both
 of effective
bjective to d
t 30mm for l 
Figure 3 for 
 bond length.
ate load versus b
f impact loa
e modes for 
d adhesive i
terface failur
CFRP rupture
se in bond st
nder impact 
0), as discuss
crease in bon
or impact load
han F3/F1, i.e
P layers incre
ds on effectiv
ation with the
 types of spe
 bond length
efine the effe
layer CFRP a
the case of im
ond length 
ds on failure 
CFRP bonded
nterface failu
e; (d) CFRP
; (f) Steel yie
rength is mai
loading, a phe
ed later in th
d strength. Su
ing the ratio 
. more increa
ases.
e bond lengt
 bond length
cimens (1 an
, i.e. beyond 
ctive length f
nd 50mm for
pact loading
mode 
 steel joints w
re; (b) Cohe
 delamination
lding, as show
nly due to th
nomenon rep
e paper. Whe
ch an increa
is F4/F2. It ca
se in bond str
h
 is plotted in 
d 3 layers of
which no ext
rom test data
 3 layers of C
. It seems tha
ere classifie
sive failure (
 (separation 
n in Figure 4
e shear stren
orted in Yok
n the number
se under static
n be seen fro
ength is achi
Figure 3 for 
 CFRP), Fig
ra bond stren
. The effectiv
FRP. The sam
t the impact 
d by Zhao an
adhesive lay
of some car
.
gth enhancem
ohama and Sh
 of CFRP lay
 load can be 
m Table 1 tha
eved under im
specimens un
ure 3 explicit
gth can be o
e bond length
e effective b
load has little
d Zhang (200
er failure); (c
bon fibres fr
ent of epoxy
imizu (1998)
ers increases
expressed by
t the ratio of
pact loading
der static and
ly shows the
btained. It is
 under static
ond length is
 influence on
7), including
) CFRP and
om the resin
1316  H.A. AL-ZUBAIDY et al. / Procedia Engineering 14 (2011) 1312–1317
Figure 4: Failur
For speci
effective bon
failure mode
of the shear
(1998) and R
failure mod
loading. The
the increase
are shown in
Figure 5: Typic
For speci
the bond len
ultimate load
mode (c) do

F
Adhes
St
e modes for CFR
mens with on
d length. Th
 under impac
 strength enh
aykhere et a
e (e) occurs u
se failure mo
 in ultimate lo
 Figure 5. 
al failure modes 
mens with th
gth is less th
 was observe
es not occur a
RP
ive
eel
(d) FRP d
P bonded steel j
e layer of CF
e shear streng
t load change
ancement of 
l. (2010). Wh
nder static lo
des depend o
ad becomes 
under impact loa
ree layers of 
an the effectiv
d. When the 
ny more, lead
(f) Steel y
elamination
(e) FRP ru
oints (adapted fro
RP, failure m
th of the adhe
s to failure m
epoxy under 
en the bond le
ading where
n the propert
less significa
ding
CFRP, the ma
e bond lengt
bond length e
ing to less in
eilding
pture
(c) F
(b) A
(a) 
m Zhao and Zha
ode (c) occu
sive plays an
ode (d) which
impact load 
ngth exceeds
as the failure
y of CFRP ra
nt. Some typi
in failure mo
h. For the sam
xceeds the ef
crease in ultim
RP and ad
dhesive la
Steel and a
ng (2007)) 
rs when the b
 important rol
 is CFRP del
as reported i
 the effective
 modes (e) an
ther than that
cal failure m
de is (c) com
e reason des
fective bond l
ate load capa
hesive inte
yer failure
dhesive in
ond length is
e in this failu
amination. Th
n Yokohama 
 bond length 
d (d) occur 
 of adhesives
odes under im
bined with m
cribed above,
ength of 30m
city.
rface debo
terface deb
 less than the
re mode. The
is is because
and Shimizu
of 30mm, the
under impact
. This is why
pact loading
ode (d) when
 an increased
m, the failure
nding
onding
H.A. AL-ZUBAIDY et al. / Procedia Engineering 14 (2011) 1312–1317 1317
7. Conclusions  
This paper presented an experimental investigation into the effect of impact tensile loads on the bond 
strength, effective bond length and failure modes of double strap joints. It was found that the bond 
strength of joints significantly increases under dynamic loads especially when the bond length is below 
the effective bond length. A higher level of increase was obtained for specimens with 3 layers of CFRP. 
The impact load has little influence on the effective bond length. The failure mode changed under impact 
loading due to the shear strength enhancement of epoxy between CFRP and steel under impact loading, 
leading to increased bond strength. 
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